
ESTIMATING IMPURITIES BY MEANS OF THE MELT- 
ING POINT CURVE 

BY WALTER P. WHITE 

Fourteen years ago Hiittner and Tammannl mentioned 
that it was possible, from the behavior of the temperature 
during crystallization, to draw a conclusion as to  the amount 
of impurity. Other writers have since discussed the melting 
or freezing curve more a t  length, but little practical use has 
yet been made of Hiittner and Tammann’s suggestion. The 
present paper considers under what conditions this method is 
most likely to be useful, and also discusses the technic. 

Theoretical Basis 
The underlying laws are familiar but may deserve to be 

summarized. Impurities may form solid solutions, or only 
eutectics, and the crystallization phenomena have significant 
differences in the two cases. 

Where mix crystals only are formed, the temperatures and 
concentrations change as in Figs. I and 2. (More complicated 
freezing curves than these are known, but if the amount of 
impurity is small, so that the extreme right or left end only 
of the phase rule diagram is used, that end will rarely differ 
essentially from the end of I or 2 .) As the liquid mixture cools 
for either figure its concentration and temperature follow the 
line UV. At temperature V mix crystals of composition W 
begin to form. The relation of V to W depends on the form of 
the double pointed figure CD, which is a characteristic of the 
combination of substances in question. Since the composition 
W is different from the original melt, the separation of crystals 
W changes the composition of the liquid, which moves toward 
composition X as solidification proceeds. A t  the same time, 
if complete equilibrium persists, the composition of the crys- 
tals, including those already deposited, changes along WY. 

K. Hiittner and G. Tammann: “Ueber die Schmelzpunkte und Un- 
wandlungspunkte einiger Salze,” 2. anorg. Chem., 43, 218 (1905). 
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But this change in material already solid cannot be counted 
on to be complete, and may occur only to a slight extent, In 
such cases the liquid composition at the end of the crystalliza- 
tion will evidently contain less of the component A than the 
liquid at  X in Fig. I ,  and will be represented by a point to the 
right of X. (In Fig. z it will contain more of A and come to 
the left of X.) The form of the temperature curve during 

CONCrNTRATlON 

Fig. I 

solidification is, therefore, likely to be affected by the rate of 
cooling. If meltings are used instead of crystallizations the 
curve may be affected by the rate and also by the way the 
preceding crystallization was conducted. 

With an impurity which forms a eutectic but no solid solu- 
tions, the phenomena are more certain, and a comparatively 
simple law for the progress of the melting can be stated. It 
is this simple case which has been mainly considered by those 
who have discussed the temperature-time melting curve and 
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its connection with impurity. The well-known equilibrium 
diagram is given in Fig. 3 .  The composition U cools as liquid 
along UV. V is the point at  which crystallization begins. 
This is the crystallization of the pure majority component, 
and the product is, therefore, represented by W. The removal 
of W from the solution leaves a greater concentration of im- 
purity, and, therefore, a crystallization temperature farther 
from the margin on the descending liquidus curve VXD. As 
the liquid composition moves down this curve the solid moves 
down WY, that is, pure solid keeps crystallizing out, at  lower 
and lower temperatures. Finally the process comes to an end 
as both components, A and E,  crystallize simultaneously from 
liquid of the eutectic composition and temperature, D. 

The Temperature-Time Curve 
If we are dealing with small amounts of impurity the im- 

portant phenomena are confined to the uppermost part of the 
curve CVD. This part of the curve cau, to a rather close 
approximation, be accounted for by saying that the melting 
point of the pure substance is lowered by the impurity in ac- 
cordance with Raoult's Law, according to which the lowering 

is proportional to concentration C, of the impurity, with I, 
the latent heat of the Solvent. This approximation makes the 
top of CVD a straight line. It has been used by all those who 
have discussed the freezing point determination curve. Ac- 
cording to it the lowering of the melting point, being propor- 
tional to the concentration, is inversely proportional to the 
amount of solvent remaining melted. If heat is abstracted 
at a regular rate during cooling, and if To minutes are needed 
to solidify the whole quantity, the amount left melted will be 
proportional to To - T, the lowering, therefore, proportional to 
__- This gives a curve like Fig. 4. This is a tem- 
perature-time curve, to be contrasted with the temperattue- 
concentration curves in Figs. I ,  2 and 3. The curvature in 

I 

To -9'' 
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Fig. 4 is not a consequence of the curvature of CVD in 
Fig. 3, but was obtained by treating CVD as not curved 
at all. 

H ~ A T  om TIHI 

Fig. 4 
Crystallization curve, assuming a linear liquidus curve 

T If T = $, that is, when half the substance has solidi- 

against 

That is, the fall of 
T the curve from T = o to T = + is equal to the melting 

point lowering of the substance. A shorter section of the curve 
can also be used. For instance, if T = the total lower- 

ing is proportional to T, - = 4 and the melting 
4 3 To’ 

point lowering is evidently 3 times the temperature drop 
TO observed from T = o to T = -. On the other hand, by 
4 

running till the solidification is nearly completed a drop is 
obtained which is several times the initial lowering. The re- 
sults then are usually not proportionally very accurate, for a 
reason to be given later, but the’ detection of a lowering is 
much more sensitive than by measuring the melting tempera- 
ture directly. 

Advantages of the Curve Method 
It is now possible to compare this method with the common 

one, where the melting temperature is observed and compared 

2 fied, the temperature lowering is proportional to 
I for the initial point of the curve. T, 

T 
4 
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with the known value for the pure substance, or with a previous 
value for the same material a t  an earlier stage of purification. 

Both methods give the lowering as a temperature differ- 
ence, leaving the purity to be inferred from this. Both are 
rendered uncertain when the impurity forms a solid solution, 
except that the present method gives some indication when 
this is so, as will be considered further on. 

With regard to substances whose melting point is well 
known, the curve method has the advantage of not requiring 
a knowledge of the exact calibration of the thermometer, since 
only temperature differences are measured. That is, it ren- 
ders the experimenter perfectly well able to proceed without 
knowledge of the melting point. This is still more an advan- 
tage where there is doubt of the previous results. The curve 
method, with the same thermometer, also is more sensitive, 
as already shown. It also lends itself readily to the use of 
sensitive thermoelements which may increase the precision. 
It can, however, be used with a mercury thermometer, though 
it requires more material if this is a large one. The observing 
may be a more considerable affair; in such cases the curve 
method is not so likely to be taken up by those who are already 
satisfied with the other. 

If the melting point determinations are desired to control 
the purification of a new substance, a considerable saving of 
time may be added to the advantages already enumerated. 
In checking purity by the melting of substances in a capillary 
tube it is customary to work until further purification produces 
no change. That is, after getting the substance pure another 
purification is necessary to see if the previous sample was 
pure. With the curve method such purity is recognized as 
soon as i t  is reached. Even more important, perhaps, is the 
following consideration. In making successive purifications 
it is possible that through decomposition, solution of the con- 
taining vessels, contamination from the air, or some such 
cause, an attempted purification may cause no further change 
in a substance already nearly pure. In  such a case the method 
of successive melting points would indicate that complete 
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purity had been reached. The curve method would a t  once 
show the true state of the substance. 

“Ex- 
periments made here and in other laboratories have demon- 
strated that the capillary-tube melting point method will 
not usually give so consistent nor so accurate results as the 
constant-temperature method.” 

Experimental Requirements 

In a recent paper,l Wilhelm and Finkelstein say: 

The experimental requirements, aside from sufficient pre- 
cision and the absence of undue lag, are two. The thermometer 
must measure the temperature belonging to the melt as a 
whole, not to some aberrant part of it; and the heat must be 
abstracted at  a known rate. 

Temperature uniformity has often been promoted by 
stirring, but easier and more satisfactory ways are available 
in the present case. Smallness of diameter greatly diminishes 
temperature differences, and may also be made to shorten the 
time required. In extreme cases high uniformity can be ob- 
tained by very thin radial conducting plates of silver, gold, 
or aluminum, but this is a very special arrangement. 

The rate of heat loss varies with the thermal head, i. e., 
the temperature difference causing flow of heat, here the differ- 
ence between the surface of the tube containing the test sub- 
stance and the inner surface of whatever incloses this. It is 
not difficult to measure the thermal head during the time taken 
for the freezing point measurements, but this is ordinarily 
unnecessary. The temperature of a fairly pure substance 
changes very little during most of the freezing, so if i t  is sur- 
rounded by a fairly constant bath or other large mass the 
thermal head remains nearly constant, and the heat loss can 
be taken as simply proportional to the time. 

The gains, both in quickness and accuracy, which come 
from using a cylinder of small diameter urge the use of a small 
thermometer. Here the thermoelement has a great advantage. 
ItIis also easier to read, can be read from a distance, requires 

Bur. Standards, Sci. Paper 340, 187 (1919). 
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no tapping, and gives no trouble about emergent stem. The 
technic of the thermoelement has been elsewhere described, 
and potentiometers especially adapted to it are on the market. 
The commoner slide-wire potentiometers, also, will do well 
enough for reading to 0.01 O a t  IOO’, by means of a thermoele- 
ment of 2 or more couples. 

The foregoing is perhaps sufficient to convey an idea of 
the essential features of the curve method for freezing points 
and of its value. Those wishing to use it will probably like 
to go further into the various approximations involved, and 
into the possible sources of error. These will, therefore, now 
be discussed, A very wrong impression will be obtained, 
however, if it is not realized that the precautions and correc- 
tions to be discussed are unnecessary for ordinary work. In 
particular, graphic methods will seldom be needed, though 
they are used here in discussing various errors, and may be 
advantageous in work of special refinement. 

The Approximation Used for the Liquidus Curve 
As already mentioned, taking the melting point lowering 

as proportional to impurity-concentration is equivalent to 
assuming a straight “liquidus” curve, CVD in Fig. 3. If the 
true form of the liquidus is known, i t  can easily be used to get 
a result free from most of the approximation. We have merely 
(for instance) to take the observed fall of temperature, 66, 
for a doubling of concentration, and then by trial find where 
on a plotted liquidus curve that difference in temperature 
corresponds to a doubled concentration, that is, where y1 - yz 
= 6 8  gives x2 = 2x1. Or else, by finding the temperature 
lowering corresponding to  a doubling of concentration for 
various abscissas (i. e., concentrations on the drawn curve), 
and then plotting the lowerings against the concentrations, an 
auxiliary curve can be made which will a t  once give the con- 
centration corresponding to any given temperature lowering 
due to double concentration. Again, if the liquidus is known 
as 6 = f(x) we have 

eo - e = f ( x , )  - - ( z x , )  (1) 



Estimating Impurities from Melting Point Curve 401 

as a substitute for the reckoning given with Fig. 4. f(x) = 
ax + bx2 gives a much better approximation than a linear 
law, and will probably always be sufficient. If the function is 
as simple as that, ( I )  can readily be solved in any given case. 
Another ratio of concentrations than 2 can, of course, be taken. 
If f(x) = ax + bx2 is taken as accurate the proportional error 
from using the linear law is readily shown to be for doubled 

concentration, a for five-fold increase, etc. This is one 
of several reasons why the determination is likely to be more 
accurate (though less sensitive) where only the first part of 
the freezing curve is used. It seems hardly worth while, 
however, to spend time on the more accurate calculation till 
it is known that the experimental precision is worth it. This 
also applies to the further corrections given here. 

2b 

205 

Effect of Specific Heat 

A second reason why the preceding results are only approx- 
imate is that the heat used in lowering temperature has been 
neglected. This produces complication in two ways. The 
first regards the determination of the duration of the solidifica- 
tion. In  practice the temperature-time melting curve of 
Fig. 4 becomes steeper and steeper until its end is lost in the 
slope of the linear cooling curve of the completely crystallized 
solid. Not only is this end hard to find, but it should not be 
taken a t  all as the end of the solidification when the purpose 
of the work is that discussed here. For the object of the time 
coordinate is solely to,measure the loss of heat, and the object 
of this is to find the proportion of material that  has crystal- 
lized. Now if the substance crystallizes pure, and then cools 
as solid only, it will follow the heavy line OPZ in Fig. 5 ,  first 
losing heat at  constant temperature ; and then cooling regularly, 
since specific heat and rate of heat loss are (by hypothesis) 
constant. In this case OP unquestionably represents the heat 
loss necessary for crystallization. But if as a result of impurity 
the temperature falls during crystallization, as along OS, 
the body will be in the same state as before when it reaches S, 
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that is, it will be all solid, and will have been cooled to the 
temperature of S. But the heat lost in cooling the solid is 
still represented by the horizontal projection of PS, and 
therefore, OP, which represents the total less this heat PS, 
represents the heat loss due to the change from liquid to solid. 
An apparent objection is that on the curve OS some material 

'cooled while liquid, when its specific heat was greater than 
that of the solid, and, therefore, not consistent with the slope 
PS. This, however, is offset by the fact that if the substance 

t i rrs On TIHE 

Fig. 5 

Freezing point determination 

solidifies at a lower temperature its latent heat is less, and by 
an amount which (except for the very small effect due to the 
change in dilution of the impurity) must be equal to the differ- 
ence in the specific heats multiplied by the temperature differ- 
ence, Hence, with the trifling exception mentioned, the 
horizontal OP gives the heat abstraction needed to solidify 
all the material at the temperature of 0, that is from a 
state of purity, regardless of the temperature at which it 
actually did solidify, And it is this total heat of solidifica- 
tion of the perfectly pure substance which will be most con- 
venient in the subsequent operations. 
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The second complication connected with the specific 
heat comes in the determination of the amount of material 
crystallized at intermediate points on the curve, as at M in 
Fig. 5. Here the material not yet crystallized has been cooled 
with a higher specific heat, but it has not yet crystallized with 
a lower latent heat. For the greatest rigor it seems necessary 
to take separate account of the two portions of the charge. 
(I)  The heat lost in cooling the solidified substance is found by 
drawing MN upward parallel to SP (Fig. 5). This method 
gives the latent heat given out, ON (the thing we wish to know) 
as of the pure substance, and thus directly comparable with 
the total heat of all the pure substance, which we got by find- 
ing the point P. The horizontal projection of MN, however, 
gives the heat loss required to cool all the material as solid to 
the temperature of 111, and we have in fact cooled only a por- 

ON tion of it, proportional to op, as solid. Hence, a line 

MR only 0~ times as long as MN (Fig. 6) gives the true 
correction for the specific heat of the material already solidified. 
The fraction O =  is still liquid, and should be corrected 
for by a line with slope AO, representing the liquid specific 

N P  heat but of length RN’ = MN op. These two lines, reach- 
ing O P  in N’ (Fig. 6) give the true amount of material 
solidified at M as proportional to ON’. This discussion is 
given for completeness, rather than with the idea that so ac- 
curate a treatment of the specific heat will often be desirable 
in practise. 

The use of considerable heat-conducting material in some 
cases has been recommended. Such material may add to the 
specific heat, and in any case an appreciable addition will be 
made by the container and thermometer. All such specific 
heats, however, cancel out completely with the method just 
given, as long as the slope of A 0  for the liquid specific heat is 
obtained by observation and not by calculation. For we may 
think of the inert material as distributed to the tested material, 
so that each infinitesimal mass element of the tested material 

ON 

N P  



404 WuZter P. White 

has assigned to it a proportional share of the other. The effec- 
tive specific heat of the tested material may then be regarded 
as the sum of its own specific heat and that of the inert material 
assigned to it. It is evident that these compound heats are 
the ones actually determined by the curves A 0  and PZ, and 
that when any element of substance solidifies and its specific 
heat changes from the liquid to the solid value, its compound 
specific heat does the same. These compound specific heats 
thus have all the properties of the specific heats that were used 
in getting the methods connected with Fig. 6 .  

1 
HEAT on Tim 

Fig. 6 
Freezing point determination 

This conclusion, it is important to note, supposes uniform 
temperature throughout the cooling material. It might hold 
very closely where radial conducting vanes are present. With 
material simply inclosed in a tube the tube will be a little be- 
low the temperature of the solidified material, which is next the 
outside, while the thermometer will be at  the temperature of 
the still liquid center. 

Uncertainty in the End of the Curve 
A third approximation comes from the fact that, even 

with perfectly uniform heat abstraction, the line SZ does not 
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as soon become straight as Fig. 5 would indicate. According 
to the assumption of Fig. 4 it never does so; practically it does 
not till the eutectic solidification is past. Hence, the true 
construction might start from a point below the somewhat 
indefinite S in Fig. 5 ,  making OP longer. MN would also be 
steeper, but this evidently will not increase ON in the same 
proportion as OP. To project ZP upward, however, from a 
point below the eutectic is likely to bring in experimental 
errors greater than those from neglecting the curvature of the 
line below S, which is very small if the substance is nearly 
pure. These experimental errors next deserve consideration. 

The Special Experimental Errors 

Hitherto in this discussion it has been assumed that all 
of the solidifying charge is at  the same temperature, and that 
the rate of heat loss is constant. Four processes, whose effects 
are inextricably mixed, interfere with the truth of this assump- 
tion. 

I. The Gradient through the Solid.-The first solid to crys- 
tallize naturally forms on the outside of the mass and immedi- 
ately begins to serve as the path through which passes the heat 
from the liquid though solidifying interior. A temperature 
gradient must thus exist in it, and its mean temperature will 
be below that of the portion still liquid. This cooling will 
have supplied some of the heat given out by the whole mass, 
and so the amount of material crystallized will not be as great 
as would be inferred from the time the solidification has con- 
tinued. As the solid layer becomes thicker the gradient and 
the amount of material both are increased, so the correction 
increases approximately as the square of the time-really, 
somewhat more, since the inner solid layers, having a smaller 
section normal to the heat flow, have a steeper gradient. The 
container, also, being outside, will be a t  a temperature still 
lower than the solid part of the substance, as already noted., 

11. The Readjustment at the End of Freezing.-As the last 
thin thread of liquid crystallizes at the center, a considerable 
source of heat is suddenly cut off. The solid material must 
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. cool, usually, from 50' to 70'  in order to give out as much 
heat as was liberated in the crystallization. Hence after the 
end of solidification the gradient becomes much less steep in 
the interior of the charge. The change occurs as quickly as 
conduction can bring i t  about. If the thermometer is in the 
center i t  will experience a sharp drop, which daes hot give the 
true slope for the cooling solid. This sharp drop is usually 
advantageous, for its occurrence gives a sign that the solidi- 
fication is practically done. In most cases this indication is 
sufficiently exact, as well as the easiest method of locating the 
point S. 

111. General 1rregdarity.-There may also be some gen- 
eral irregularity, perhaps shown by a slight fluctuation of the 
reading, 0.1 O or so. This may be due to irregular growth of 
crystals, or to some lack of symmetry. With reasonably good 
arrangements such effects are seen only toward the end of 
melting, before the sharp drop. Both these and the drop do 
little harm, since the temperature reading at  that time does 
not need to be known very accurately. 

IV. Change in Rate of Heat Loss.-If the rate of cooling 
is 2 O a minute the solidification will occupy around 2 5  minutes. 
To produce this will usually require a thermal head from IO O to 
30'. The change per minute in thermal head, and, therefore, 
in cooling rate, along A 0  or PZ in Fig. 6 will then be from 2 0  

percent to 7 percent. Even during crystallization the change 
in rate of heat loss may be from 3 percent to IO percent if 
the temperature falls I O  during the process. A quicker de- 
termination will usually be desired, and can be had unless it 
is necessary to allow considerable time for the substance to 
recover from undercooling. With a quicker rate the pro- 
portional change in rate per minute will evidently be the same 
as before, but the change per degree will be less. It will not 
be feasible, however, to get a constant rate in this way. Hence, 
the slope SZ of Fig. 5 cannot be obtained truly unless the ther- 
mal head is measured and its variation allowed for. This is 
not an elaborate undertaking, since only 3 to 6 measurements 
and simple calculations will be needed. The rate of heat loss, 
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however, is not quite proportional to the thermal head, so for 
extreme rigor the relation between them must be found by ob- 
servations on some body of known specific heat. In fact, the 
determination of heat loss is a calorimetric experiment, and while 
relatively a rather simple one i t  inevitably has some complica- 
tions. Ordinarily, however, as has already been said, only 
the relative heat losses during freezing need be considered, and 
with a fairly constant inclosure they may be taken as simply 
proportional to time. P in Fig. 5 is then about the same as 
S, and the main uncertainty is in determining S, for which the 
slope SZ is not definite enough to offer much assistance. The 
precision should be IO percent or better. But this gives much 
more information than a mere observation of the highest 
freezing point. Plotting is not at all necessary. Indeed, 
even the quasi-calorimetric determinations can perhaps as 
well be done without it, though this is somewhat a question of 
taste. 

The Experimental Curve for Mix Crystals 

The liquidus line CVD in Fig. I has much the same form 
as the liquidus line CVD in Fig. 3 .  If the substance is nearly 
pure in Fig. I ,  V will be near C and the first crystals separating 
will be very nearly pure majority component. Hence for 
nearly pure substances the relation between the amount of 
material crystallized and the change of temperature will be 
much as in Fig. 3 .  This is doubtless the reason why the method 
of Fig. 3 has proved so generally applicable. Re-constitution 
of the original crystals will tend to increase the concentration 
of majority component, but this process is limited. We have 
seen that when half the substance is solid this solid forms a 
compact layer cove$ng the inside of the container. It is cer- 
tain that nothing further will happen to  the composition of the 
material in this layer. Hence, on the whole, while the observed 
time-temperature curve for substances represented by Fig. I 

would differ somewhat from that of Fig. 3, it would at the very 
least require very careful experimental work to discriminate 
between the two. 
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If any impurity is present tending to raise the freezing 
point, as in Fig. 2 ,  the resulting time-temperature curve runs 
as in Fig. 7 .  If a small amount of impurity causing a curve 
of this type accompanies some causing the other type (Fig. 4) 
and if we suppose that the effects of the two, being small, can 

I 

HEAT OR TIME 

Fie;. 7 

Approximate crystallization curve with impurity forming a 
mix crystal of higher freezing point 

be superposed, we may have something like a downward slop- 
ing straight line a t  first, with the steeper downward curve 
finally emerging, I have met with several such curves, but 
cannot say how common they are, nor have I proved that they 
were due to the cause here suggested. A theoretical investi- 
gation into the possibilities would prove interesting and might 
be valuable. The large amount of work already done on two- 
component systems appears to deal, mainly a t  least, with 
temperature-concentration, not temperature-time curves. 

Experimental Illustrations 

In order to check some of the preceding statements, and 
also to test certain details of method, a freezing point curve 
was run with naphthalene. This was contained in a glass 
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tube 6.8 mm inner diameter and 8 cm high, wrapped with 
tinfoil to check radiation and so permit a larger thermal head 
for the same rate of heat loss. It was used in a tube 3.5 cm 
wide, which could be transferred'from the heating bath, a t  
IOO', to the cooling bath, which happened to become constant 
at  47'. The width of the inclosing tube also diminished the 
cooling rate, that is, the ratio of heat loss to thermal head, 
though it made that rate more variable as a result of con- 
vection currents. The smaller tube was handled by being 
stuck in a cork to which a stiff iron wire was attached. A 
plug of cotton in the top of the inclosure was the only thing 
used to shut out the effect of room temperature. A copper 
cap dipping in the bath fluid would have been more efficient 
(perhaps in addition to the plug) and is to be recommended 
where any amount of work is being done. 

The temperature was measured by a single couple of No. 
36 constantan and No. 40 copper wire (0.13 mm and 0.08 mm), 
stretched axially in the tube, passing through the center of a 
cork in the bottom. Beyond the junction the constantan wire 
was bent around to the outside of the substance, where was 
another junction, held against the inside of the glass tube by 
a small roll of writing paper. The difference between the 
two junctions gave the maximum horizontal difference of tem- 
perature in the substance. 

The readings 
were taken each minute. They are given in microvolts: One 
microvolt corresponds to slightly over 0.02 O ,  so a tenth division 
is 0.002'. No attempt was made to record accurately to the 
last tenth, because the couple, an old one, proved to be not 
quite perfect, and showed continual slight fluctuations. 

The arrows mark the 
beginning, middle, and end of the solidification. The end is 
a little uncertain. The fact that in spite of the rapid drop 
from the 20th to the 22nd readings, the difference temperature 
does not decrease, shows two things: First, that the outside 
layer responds almost completely in less than a minute to change 
in the center; second, that crystallization was still going on 

The record of a cooling is given in Table I. 

The undercooling is noticeable. 
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TABLE I 

Central 
temperature 

3783 

3620 

3470 

3337 

3276 

79 

82 

82 

80 

78.5 

76.5 

75.3 

73 .o 

7 0 . 0  

68.7 

' 65.2 

60.5 

5 0 . 5  

39.5 

3 2 1 5 . 5  

3175.5 

307 7 

2934 

Change 

163 

150 

I33 

61 

-3 

-3 

0 

2 

1 . 5  

2 

1 . 2  

2 .3  

3.0 

1 .3  

3 . 5  

4 .7  

10.0 

I1 .o 

24.0 

40.0 

98.5 

I43 

Center-outside 

- 

- 

- 

- 
- 

9 

I2 

- 

16 

2 0  

- 

32 

39 

47 

57.5 

67 

77 

88 

88 

98 

97 

53 
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in the center a t  about the same rate as before. The change 
in the difference temperature between readings 2 2  and 23 
shows that the liquid material was now practically gone, and 
the drop of 143 microvolts was more than one-third due to 
the approximate establishment of the temperature distribution 
for a solid mass. 

At half solidification the difference temperature was 
about 36 microvolts, or 0.75'. I t  is interesting to compare a 
calculation with this. With a tube of 3.4 mm radius an outer 
layer containing half the material is approximately I mm 
thick and 19 rnm wide. The radial heat conductance of such 
an annulus per centimeter length is '3 K or that of 19 
centimeter cubes of the same material. The conductivity of 
naphthalene was found by Lees to be 0.00095, the conduc- 
tance, therefore, 19.X 0.00095, is 0.0181 per second, or 1.09 
calories per minute. The volume latent heat of naphthalene 
is about 35, the volume per linear crn is 0.362; since it crys- 
tallized in 17 minutes the heat transmitted per minute is 
35 X 0.362/17 = 0.75 cal. The calculated temperature gra- 
dient is, therefore, 0.75 + 1.09, or within 9 percent of that 
observed. 

Since the heat required to raise the solid I O  is about 
1/70 of the latent heat, this annular layer, whose mean tem- 
perature is 0.4' lower than the liquid, has, in cooling below 
that, given out 0.6 percent of the heat already given out in 
the solidification. At the 20th reading, with 7/8 of the rna- 
terial solid and about 3 times as strongly cooled, the heat 
corresponding to this extra cooling is easily shown to be almost 
1.5 percent of the whole given out if the gradient is taken as 
linear, and somewhat more in fact, perhaps near 2 percent. 
This is about the same as the heat given out by all the material 
in cooling from the initial temperature to that read by the 
thermometer a t  reading 20. That is, this systematic experi- 
mental complication is here as great as the specific heat cor- 
rection of Figs. 5 and 6. A tube of less diameter can easily 
be used, and then this parasitic heat conduction effect will 
be diminished. 
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The lowering of the temperature is a little over 0.2'  

during the first half of the crystallization, which, in accord- 
ance with page 4, indicates that the highest melting point is 
0.2' low. Since the material was combustion standard from 
the Bureau of Standards, for which any such lowering is wholly 
abnormal, the result called for further investigation. A cali- 
bration of the thermoelement by means of a standard mercury 
thermometer showed that the melting point was really low, 
apparently by 0 .2  O, though the calibration was made indefinite 
to about 0.1 O by the emergent stem correction. Other freez- 
ing point tests were also made, with greater care as to con- 
tamination, and with a new and very good thermoelement. 
The silk was removed from the wires by caustic soda; the 
naphthalene touched nothing but these bare wires and glass 
tube from the supply, that had been cleaned with bichromate 
mixture and distilled water. The constantan wire ran through 
a glass capillary 0.5 mm in external diameter, and the copper 
wire was wound back on the outside of this. The results are 
given in Table 11. 

TABLE I1 

Number 

I 

2 4  

3 
4 

5 

Reading 

3544 

3380 

3282 
3293 

3293.5 

92.7 

92 .o 

91.3 

90.5 

Change 

164 

98 

- 

0 .8  

0 . 7  

0.7 

0.8  

0.8 

Reading 

3675 

3474 

3322- 

3292 
3294.7 

94.0 

93.3 

92.7 

91.8 

91 .o 

Change 

0 . 7  

0 . 7  

0 . 6  

0 .9  

0 .8  

0 .8  
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IO 

+ 

I5 

2 0  

25 - 

TABLE II-(Continued) 
89.7 

88.7 

88.0 

86.9 

85.6 

84.2 

82.3 

80.8 

80.0 

77.3 

77.0 

71 .o  

' 65 .6  

5 1 . 5  

27.2 

3194.5 

3107.0 

I .o 

0 . 7  

1 . 1  

1.3  

1 .4  

1 . 9  

1 . 5  

0 . 8  

2.7 

0 . 3  

, 6 . 0  

5 . 4  

14. I 

14.3 

33 ' 7 

87.5 

90.2 

89.2 

88.0 

87.2 

86.2 

I .o 

1 . 2  

0 . 8  

I .o 

This couple reads 5 microvolts higher than the other for 
the same temperature, so the melting point is now actually 
5 microvolts, or over 0.1 O, higher than the previous one. The 
fall during half solidification is still around 8 microvolts, how- 
ever, or nearly 0.2 ' .  Thanks to the excellence of the thermo- 
element it is now seen to be more nearly linear than accords 
with Fig. 4. From readings 17 to 2 5  the fall is progressively 
steeper than according to Fig. 4. This discrepancy between 
the first and last portions of the curve seems to  offer an in- 
teresting problem for investigation. The slope of the first 
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part is-not normal in Bureau of Standards naphthalene, and 
probably indicates moisture absorbed from the air. 

c- p:-  
W -c-- 

- 4 -  
- -  L 

-- 

E 

Fig. 8 
Th, thermoelement; CC copper caps or 

covers; F, openings in the same, which may be a t  the end of slots running up 
from the lower margin; J, jacket; M, sheet metal reflecting surface; H, con- 
tainer, drawn down a t  D to center the thermoelement tube TT; s, substance 
tested; G, cork guides; W; wooden or glass pin, and H, wire hook, for support 

The two arrangements just described, with wires embedded 
Inclosure of both 

Freezing point apparatus. ' /s size. 

in the substance, do not facilitate cleaning. 
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in the smallest possible capillary seems one of the best pro- 
cedures, but great care must be taken to see that the depth of 
immersion is enough to prevent the temperature reading from 
being affected by conduction along the wires. A change in 
the depth of immersion furnishes a test. A good thermal 
connection between wires and capillary is by all means to be 
sought. Heavy oil, naphthalene, or any electric insulator 
may be used which does not change its state within the tempera- 
ture range where the temperature is to be read. 

Ordinarily] below the capillary the crystallization will 
go to the center, while above the junction it will stop at  the 
surface of the capillary. It seems advisable to continue the 
capillary downward, perhaps to the bottom. This not only 
gives more symmetrical conditions, but it avoids altogether 
the crystallization a t  the center, which tends to be a disturb- 
ing influence. 

Fig. 8 shows an arrangement recommended for freezing 
curve work. The greatest emphasis is to be placed on the 
necessity for saving the thermoelement wires from mechanical 
strains of all sorts. 

Where a number of determinations are made on the same 
substance each one can be materially shortened if the total 
time of freezing is known and kept constant. There is then 
no need of running beyond the midway point. This necessi- 
tates having bath temperature and the position of the speci- 
men tube the same each time, and keeping metal reflecting 
surfaces always clean. 

Summary 

Freezing points where the thermometer is immersed in the 
substance are more reliable and precise than those by the 
capillary tube method. If, in addition] the form of the freez- 
ing curve is observed] there is obtained an indication of the 
amount of impurity which is independent of all previous knowl- 
edge or uncertainty as to  the melting point of the pure sub- 
stance] and even of the absolute accuracy of the observer’s 
thermometer. If the determinations are a control of a puri- 
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fication process there is also a saving of time and the avoidance 
of certain serious chances of error. 

Smallness of dimensions diminishes local temperature 
differences, and is very often a superior substitute for stirring 
of the tested substance. It also economizes both time and 
material. A small thermocouple or thermel of several couples 
lends itself very well to use in small test samples. 

The complications, usually almost negligible, arising from 
specific heat, uneven temperature, and other causes are con- 
sidered, and suitable experimental arrangements are suggested. 
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